Abstract
Background
The behavior of a small hand-held radio operating in the presence of a nearby biological body is analyzed by computer modeling. The behavior of an electrically small dipole operating in free space is well documented in most fundamental texts on electromagnetics and antenna theory.
Recent advances in computer capabilities and architecture, along with the development of numerical methods, such as the Method of Moments [l] , has enabled the scattering effects of complex geometries that are illuminated with canonical waves to be determined. However, when the source and scattering object are brought in close proximity, the physical situation is complicated: far-zone simplifications can no longer be applied to the incident field and the scattered field from the biological body will reradiate back to the radio antenna and perturb its original free space current distribution to some degree.
In order to circumvent these complications, the following assumption is made: due to the extremely small electrical size of the radio-body system, the current distribution on the whip antenna will remain unaffected by the scattered filed from the biological body. With this assumption, the existing program NEC [2] is used to model the radio as a center fed dipole and to sample the near field of the dipole to form the incident field for the biological body.
Validation of unperturbed current assumption
To validate the assumption that the current drstribution on the antenna remains unaffected by the scattered field from the biological body, NEC is used to model two &poles of different electrical length operating in free space and over an infinite half space. Fig. 1 represents the current distribution of a full wavelength dipole radiating in free space as predicted by NEC. In Fig. 2 , the same &pole is placed over an infinite half space with constitutive parameters representing biological tissue (Er=Sl.O and ~0 . 7 5 mhoslmeter). As can be seen, the current distribution is perturbed from its free. space equivalent. Fig. 3 shows the current distribution on a 0.1 wavelength dipole radiating in freespace. Fig. 4 shows the same dipole radiating in the presence of the infinite half space. The nearly identical form of the latter two figures indicates the independence of the current distribution of the electrically short dipole to the infinite half space. Even greater confidence is attained in this assumption when the following facts are also taken into account: the actual radios being modeled are at the most 1/30 of a wavelength long and that a biological body will have a lesser influence on the antenna current than the infinite half space used in the preceding models. Fig. 5 illustrates the geometry and terms used. The position vectors r and r' denote free-space and source coordinates respectively. V represents the volume occupied by the biological body. Note that the biological body is inhomogeneous with respect to permittivity and conductivity. We define E as the total electric field throughout all space and ES a s the scattered electric field that is radiated from the induced currents in the biological body when illuminated by the incident field. It is this induced current distribution in the biological body that is the unknown function to be determined. E' is defined to be the incident field radiated by the current distribution on the radio. This total field is actually the sum of the incident and scattered fields:
Volumetric Electric Field Integral Equation

E E i
The scattered field due to thie polarization currents is given by:
.J,(r')dv'
V where the free-space tensor Green function is given by:
and the scalar free-space Green function is given by:
Combining (1) 
Method of Moments
When implementing the Method of Moments, the domain of the unknown function is usually subdivided into N subsections with each subsection becoming the domain of a predefined set of expansion functions. To form the NxN system of equations associated with the Method of Moments, each subsection is tested against the incident field with a predefined set of testing functions. To greatly simplify the resulting set of equations, a subsectional unit pulse and a Dirac delta function are chosen for the expansion functions and testing functions respectively. This particular choice of expansion and testing functions is quite popular and is commonly referred to 'point matching & pulse expansion '[ 11. To implement the Method of Moments to solve equation ( 
Experimental Results
The radiation patterns and efficiency vs. frequency curves were obtained for two different dipole-body geometries. NEC was used to model the dipole and to obtain the necessary values of the near field of the dipole B o form the excitation vector in the Method of Moments matrix equation. The dipole was constructed to be 1/3 meter long with a varying radius to better approximate the actual physical construction of a common hand-held radio. Although the dipole was initially modeled as being 1/3 meter long, the geometry of the dipole had to be modified as its electrical length changed so as not to violate certain limitations that are inherent to the NEC program. NEC is a powerful and versatile program that is capable of a myriad of tasks. However, due to the finite floating point arithmetic of a computer, NEC begins to fail when used to model electrically small objects. The limitations imposed by NEC are probably the greatest source of error in this investigation.
The power radiated by the dipole was computed by NEC. The power lost in the biological body was found using:
Since the conductivity and field quantities are constant for a given cell, the power lost in a single cell reduces to : 1 Plost =? 4El2(volume of the cell) (10) The total power lost in the body is the sum of the power lost in the individual cells. Figures 7 and 8 show the eficiency vs. frequency curves. As is expected, the fields at lower frequencies penetrate the body further and lose more power in the body and hence have a lower efficiency. Figure 10 is a composite of the two previous figures to better illustrate how the proximity of the dipole and the biological body will effect the efficiency of the radio.
A separate program was written to compute the farzone fields in any given azimuthal or elevation angle. For each of the output files, the far-zone fields were determined in a 360 degree scan at a constant elevation angle of 90 degrees. Also, the front and back 90 degree elevation segments were scanned at a constant azimuthal angle of 0 degrees. The patterns scanned through the theta angles show a decrease in the overhead null as the frequency decreases. This is to be expected if the behavior of the near field of the dipole is taken into account. As the operating frequency decreases, the near electric fields of the dipole will contain more x and y field components that will in turn induce x and y current components in the biological body. these x and y current components will radiate broadside and add to the radiation overhead , thereby decreasing the null.
The results from the 360 degree scan through the phi angles differ from the expected results. The trend from the output is an increasing directivity with a decrease in frequency. This observation is in diametric agreement with the behavior of a dipole as the operating frequency increases. A dipole will become more directive as its operating frequency increases while its physical length remains constant.
. Conclusions
A. The biological body does lower the efficiency of the radio by dissipating a portion of the power supplied by the radio. The results indicate that as much as 45% of the supplied power may be lost due to the biological body. The location of the dipole with respect to the body also greatly effects the efficiency of the radio, as shown byfig. 10.
B. The biological body does influence the radiation pattern of the radio. However, the influence on the horizontal-plane pattern is of such a small degree as to be considered negligible. A drop of approximately 1 dE?
on the radio side of the body is indicated from the results. The azimuth-plane radiation pattern remains omni-directional for all practical purposes. This is as expected when the physical size the radio and body are compared to the free space wavelength at the operating frequency. The vertical-plane patterns show a minimum when the elevation angle is approximately 0 degrees.
This agrees with what is expected in light of the characteristics of an electrically short dipole. C. The current distribution on the radio antenna remains constant in spite of the presence of a biological body. Although the biological body will influence the current distribution on the antenna, it is once again the extremely small electrical size of the antenna-body system that makes this influence negligible.
D. The maximum induced fields in the biological body tend to be in the body extremities.
Future work
A. Modify the existing computer programs to allow for linear, surface and volumetric current densities to be incorporated into the radio-body model. This would eliminate the need to use an external source to construct the excitation vector, and enable higher frequencies to be studied. In addition, this modification would allow for different body configurations to be constructed in an attempt to increase the efficiency of the system.
Perform the analysis and modify the existing computer programs to include an infinite lossy, homogeneous ground plane to represent real earth. Obviously, having the known universe consist of a single radio and a biological body is somewhat of an inaccurate model. The addition of a real earth ground plane would account for such factors as ground waves and power lost by absorption in the earth. C. Mod@ the existing equations such that the solutions the computer programs generate adhere more closely to real life boundary conditions. Without becoming too specific, this modification involves replacing the pulse expansion functions used by MOM with a triangular or perhaps a high-order spline expansion function.
D. Try to eliminate the use of NEC to obtain the excitation vector. Although NEC is a powefil tool in the analysis of radiating structures, there are several inherent constraints on the size and segmentation of the structure that may be modeled due to the finite precision of the computers floating point processors. Indeed, in this investigation, the model of the dipole used to represent the radio needed to be altered at the lower frequencies in order to circumvent these constraints.
B.
